Fatigue affects the capacity of muscles to generate forces and is associated with characteristic changes in EMG signals. It may also influence interjoint and intermuscular coordination. To understand better the global effects of fatigue on multijoint movement, we studied movement kinematics and EMG changes in healthy volunteers asked to hammer repetitively. Movement kinematics and the activity of 20 muscles of the arm, trunk, and leg were recorded before and after subjects became fatigued (as measured using a Borg scale). When fatigue was reached, maximal grip strength and elbow range of motion decreased while the EMG amplitude of the contralateral external oblique muscle was increased. Fatigue did not affect shoulder and wrist kinematics or movement frequency. Results suggest that fatigue influences motion at both local and global levels. Specifically, interjoint and intermuscular coordination adapt to compensate for local effects of fatigue and to maintain key movement characteristics, such as the trajectory of the end effector and the movement frequency. Nonlocal compensations may be a focus of future studies of how fatigue affects complex movements such as those typically performed in the workplace.
The sustained use of the musculature to produce repetitive movements commonly occurs in everyday activities such as work and sports. Prolonged muscle use generally leads to a reduction in the functional capacity of the muscle, a phenomenon commonly referred to as fatigue. Enoka and Stuart (1992) define fatigue as impairment in performance that leads to both the inability to maintain a certain level of force and an increased perception of task difficulty. The effects of fatigue on peripheral characteristics related to the muscle's capacity to generate force are well documented. In particular, sustained muscle contraction leads to reductions in the force level reached during maximal voluntary contraction, in the velocity of muscle contraction, and relaxation and in the power output (DeLuca, 1984; Enoka, 1995) . At the peripheral level, these findings have been attributed to impairments in calcium ion release mechanisms involving the sarcoplasmic reticulum (Westerblad, Bruton, Allen, & Lannergren, 2000) . Fatigue results in a shift of the power spectrum of the electromyogram (EMG) toward lower frequencies (Christensen, 1986; Enoka & Stuart, 1992; Milner-Brown, Mellenthin, & Miller, 1986) , although the effects of fatigue on EMG amplitudes have been more equivocal (Hägg, Suurkula, & Liew, 1987; Sommerich, Marras, & Parnianpour, 1998; Woods, Furbush, & Bigland-Ritchie, 1987) . Hagberg and Kvarnstrom (1984) reported increased EMG amplitude of the upper trapezius muscle during arm elevation after fatigue, as measured by the signal's root-mean-square (RMS) value. Hammarskjold and Harms-Ringdahl (1992) investigated the influence of fatigue on the activity of the agonists during repetitive nailing, sawing, and turning screws. They showed that although some task characteristics, such as perceived difficulty and movement velocity, remained constant, the mean EMG amplitude of the agonists was often increased by fatigue. This finding is consistent with well-known mechanisms of motor unit recruitment (Henneman & Olson, 1965) : Fatigue is compensated for because of progressively increasing recruitment of relatively big motor units, thus maintaining the same level of force.
In addition to a change in muscle activation, fatigue elicits a decline in armposition sense (Carpenter, Blasier, & Pellizzon, 1998; Tripp, Boswell, Gansneder, & Schultz, 2004; Walsh, Hesse, Morgan, & Proske, 2004) , an increase in coactivation of agonist-antagonist muscle pairs (Potvin & O'Brien, 1998; Psek & Cafarelli, 1993) , and alters intermuscle relationships between these pairs or finger synergists (Danion, Latash, Li, & Zatsiorsky, 2000 , 2001 , a phenomenon referred to as synkinesis (Gandevia, 2001) . Observations of changes in the intermuscular coordination are supported by findings of reduced interjoint inhibition with fatigue (Aymard, Katz, Lafitte, LeBozec, & Penicaud, 1995) . Aside from the local effects of fatigue (e.g., in the joint subserved by the fatigued muscles), only a few studies have measured the effects of fatigue on muscles and joints of adjacent or remote body segments. Bonnard et al. (1994) studied the adaptations of multiple muscles to fatigue during repetitive hopping in place. They found that healthy fatigued persons used one of two coordination strategies to adapt to fatigue. One strategy was organized across different joints and relied more on proximal than distal muscles. The other strategy was organized within joints already involved in the movement and consisted of the earlier activation of fatigued muscles. Similarly, another study showed that motion of distal joints (knee and hip) was decreased and accompanied by an increase in proximal trunk motion following fatigue during repetitive load lifting (Sparto, Parnianpour, Reinsel, & Simon, 1997) . It has also been shown that intersegmental coordination changes following fatigue induced by repeated forceful ball throwing (Forestier & Nougier, 1998) . The possibility that complex, global movement adaptations take place with fatigue is supported by the observation that changes in cortical activity occur in parallel with changes in postfatigue EMG signals (Belhaj-Saif, Foument, & Maton, 1996) .
Biomechanically, the human body is characterized by a redundant number of degrees of freedom (DFs) (Bernstein, 1967) , defined as the number of independent parameters that can potentially define the position and orientation of a system in orthogonal space; in the human body, this corresponds to a maximum of six DFs per joint. However, neurophysiologically, multiple DFs may be controlled as a task-specific unit that affects multiple muscles (Feldman, Levin, Mitniski, & Archambault, 1998) . Few studies have addressed the possibility that the system may adapt to fatigue either by modifying the relative involvement of DFs or recruiting additional DFs when accomplishing a complex movement.
To address these fundamental and applied motor control questions, we have previously investigated the global changes because of fatigue during repetitive sawing into a piece of wood (Côté, Mathieu, Levin, & Feldman, 2002) . Fatigueinduced decreases in force applied to the saw and in elbow motion amplitude were compensated for by increases in the amplitude of motion at the wrist, shoulder, and trunk joints, resulting in an unchanged sawing trajectory and movement duration. These results suggested that the system reorganizes the patterns of joint movements to compensate for the reduced motion amplitude at the elbow. This reorganization likely occurs to maintain the same endpoint trajectory and or movement duration. We assumed that reorganization of joint movement patterns is a common strategy used by the nervous system to compensate for other factors that interfere with normal movement, such as joint injury (Côté, Raymond, Mathieu, Feldman, & Levin, 2005) . To test this assumption, we compared the effects of fatigue and work-related shoulder injury in persons performing hammering movements (Côté et al., 2005) . Some kinematic characteristics of hammering in healthy fatigued and shoulderinjured persons were similar, whereas the endpoint trajectory differed, suggesting that the effects of fatigue and occupational injury on multijoint characteristics may not be the same. Our previous studies focused on changes in multijoint kinematics resulting from fatigue. The goal of the current study was to relate such changes to patterns of activity of multiple muscles. Based on our previous findings (Côté et al., 2002) , we hypothesized that kinematic evidence of fatigue of muscles directly involved in hammering are compensated for by changes in the activity of already working muscles or recruitment of other muscles.
Methods

Experimental Protocol
Healthy subjects (n = 30; 24 males, 6 females, mean age = 35 ± 11 years) signed informed consent forms approved by the institutional ethics committee. We recorded EMG of 20 muscles and kinematics of the arm, trunk, and leg during hammering motions made with the dominant arm and directed toward a table. Prior to the beginning of hammering trials, maximal voluntary contractions (MVCs) were recorded for grip strength and shoulder flexors of the dominant arm. For grip strength, subjects sat in a chair and rested the nondominant arm on their lap. Subjects performed three trials of maximal grip strength recorded using a commercial handgrip dynamometer (JAMAR model 5030J1, Preston, Jackson, MI, USA). For shoulder flexor MVCs (primary agonist: anterior deltoid; synergists: biceps brachii, trapezius), the nondominant arm rested on the subject's lap and the dominant arm was flexed to 90° at the shoulder and elbow and supported in the horizontal plane. At the signal, they pushed upward for 5 s against a custom-made force transducer placed on a rigid structure above the distal third of the upper arm. Three MVCs were recorded. Subjects were given online feedback and verbally encouraged to surpass their peak force in the two subsequent trials. Following a 2-to 5-min rest period, the hammering protocol was begun. Subjects were instructed to "hammer as naturally as possible in the direction of the target" from a standing position. Neither movement amplitude nor frequency was constrained. Hammering was performed vertically (in an approximate up-down motion) with a hammer (850 g) that had a wooden handle and a metal head. The target consisted of a 30 cm long by 15 cm wide by 5 cm thick horizontal wooden beam fixed on a rigid structure located at approximately waist height (Figure 1 ). The target was indicated by a 3 cm diameter circle but the movement precision was not emphasized. Prefatigue data consisted of 5 samples of 5 s each recorded during 30 s of continuous hammering.
Arm muscles were fatigued by performing four 15 s sequences of hammering alternating with 15 s of isometric shoulder flexion contractions against the load cell at 70% MVC (maintained using online monitoring). After each sequence, the subject rated the difficulty of the task using Borg rating scales to infer general and local fatigue (Borg, 1970 (Borg, , 1982 . The first scale assessed general task difficulty using a 20-point scale on which a score of 7 corresponded to a "very, very light" task difficulty and a score of 19 reflected a "very, very hard" task. For the local measure, subjects rated the difficulty of the task for the shoulder using a 10-point numeric scale (score 0: "no difficulty at all", and score 10: "extremely difficult"). Previous studies (Hagberg & Kvarnstrom, 1984; Hasson, Williams, & Signorile, 1989) suggested that a score 17 on the general scale and score 8 on the local scale corresponded to states of fatigue. After the four sequences of hammer- Figure 1 -Schematic representation of the hammering experimental setup. Thirty healthy subjects hammered toward the target at a comfortable rhythm using an 850 g hammer. Fatigue was induced first by four sequences of 15 s of hammering and 15 s of isometric shoulder flexion at 70% MVC, followed by continuous hammering until fatigue was reached. Activity of 20 muscles of the dominant arm, trunk, and leg and whole-body kinematics was recorded throughout the protocol.
ing and isometric contractions, if the target Borg scale ratings were not reached, subjects were asked to hammer continuously until they were. During this part of the protocol, blocks of 3 × 5 s data samples were recorded every minute. Fatigue data were taken from the last available block before subjects stopped hammering. Following hammering, subjects repeated maximal grip strength measurements as outlined previously.
A combination of isometric and dynamic procedures was used to induce fatigue because in pilot work, the dynamic procedure (continuous hammering) resulted in a large intersubject variability in the time to fatigue, with some subjects requiring more than 20 min before reporting fatigue. With the addition of intermittent isometric contractions of the muscle group used to raise the hammer (shoulder flexors), all subjects reported local (shoulder) and overall (global) fatigue in the end of the protocol from Borg scales. This procedure also allowed us to adapt the isometric forces produced during the fatiguing task to each individual's maximal shoulder flexor force (Côté et al., 2002) .
Muscle Activity
EMG signals of 20 muscles of the upper limb, trunk, and lower limb were recorded using Beckman-type bipolar surface electrodes (Grass Instrument Division, AstroMed Inc., WestWarwick, Rhode Island, USA). After standard skin preparation (shaved, rubbed, cleaned), electrodes were fixed on the bellies of the appropriate muscles using surgical tape (interelectrode distance was about 2 cm). Throughout the experimental protocol, activity of the following muscles was recorded: flexor carpi ulnaris, flexor carpi radialis, extensor carpi ulnaris, extensor carpi radialis, brachioradialis, long head of biceps brachii, lateral head of triceps brachii, upper trapezius, anterior deltoid, clavicular portion of pectoralis major, infraspinatus, latissimus dorsi, lumbar portion of erector spinae, external oblique, rectus abdominis, gluteus maximus, rectus femoris, biceps femoris, medial gastrocnemius, and anterior tibialis. Prior to data acquisition, EMG signals were inspected online to identify and eliminate cross-talk from neighboring muscles by changing electrode positioning. Signals were collected from muscles on the dominant side in all cases except for the external oblique muscle, since preliminary investigation demonstrated clearer and more cyclical EMG profiles from this muscle on the nondominant side. A ground lead was fixed on the nondominant upper arm. The amplifier gains used for each muscle were adjusted to avoid channel saturation. Signals were filtered (30-500 Hz) and sampled at 1200 Hz to avoid aliasing. Care was taken to minimize the effect of movement artifacts on EMG signals, in particular, by high-pass filtering (30 Hz) the EMG signals.
Kinematics
Three-dimensional movement kinematics was recorded at 100 Hz using a high-speed camera system (Optotrak, Northern Digital Inc., Waterloo, Can.) and 10 infrared markers. Markers were fixed using double-sided adhesive tape on the hammer (tip and shaft) and on the following anatomical landmarks of the dominant side: head of the third metacarpal (hand), styloid process of the ulna (wrist), epicondyle of the humerus (elbow), antero-lateral border of the scapula (shoulder), spinous process of the seventh cervical vertebra (neck), manubrium of the sternum (torso), greater trochanter of the femur (hip), and head of the fibula (knee).
Analysis
Sagittal plane coordinates of the marker on the hammer tip were derived, and discrete hammering movement cycles were identified between two consecutive times when the hammer marker velocity reached 0 before assuming positive values (i.e., toward the lifting phase). Data from the first three complete movement cycles of each selected 5 s sample were used in calculations. Joint angles were computed based on scalar products of the sagittal plane vectors joining the markers of the appropriate segments. Joint amplitudes of motion were calculated as (maximum -minimum) joint angle in each selected sample. Prefatigue and fatigued hammer trajectory amplitudes in the sagittal plane were also calculated. EMG signals were filtered twice, in forward and reverse directions, to avoid introducing a time delay, using a Butterworth filter (4th order, bandpass: 30-500 Hz) and were then rectified. To quantify the change in amplitude of each muscle with fatigue, rootmean-squared (RMS) values of each muscle were calculated over each selected movement cycle, and the differences between prefatigue and fatigue data were expressed as a percentage of prefatigue values of each muscle averaged for each subject (% prefatigue).
For each subject and each condition (prefatigue, postfatigue), data of a total of nine cycles (3 movement cycles per 5 s sample × 3 samples) were averaged. To quantify the effect of fatigue, paired Student t tests were used to compare pre-and postfatigue grip strength, joint ranges of motion, hammer trajectory amplitude, and EMG RMS values. Post hoc statistical analysis was carried out using a modified Bonferroni approach (Jaccard & Wan, 1996) to account for multiple dependent variables. Using these parameters in the modified Bonferroni approach, the p values of all pre-post fatigue comparisons were rank-ordered from the lowest (most significant) to the highest (least significant). Following this ranking, the alpha level considered significant to each comparison was computed as .05 divided by the total number of comparisons minus the rank of that given comparison. Our post hoc analysis focused on parameters of joint range of motion and EMGs of muscles associated with hammering. Hammering motion agonists were: upper trapezius (scapular elevation), biceps brachii (elbow flexion, shoulder flexion synergist), anterior deltoid (shoulder abduction agonist, shoulder flexion synergist), infraspinatus (shoulder stabilizer, lateral rotation of humerus agonist), and extensor carpi radialis (wrist extension and abduction agonist, wrist stabilizer) (Christensen, 1986; Hagberg, 1981; Hägg, 2000) . We also included the external oblique muscle in this post hoc analysis since we hypothesized, based on previous findings (Côté et al., 2002 (Côté et al., , 2005 , that this muscle may be involved in compensation for global fatigue during hammering. Table 1 shows the average (± SD) kinematic and EMG data from subjects during nonfatigued and fatigued hammering. Before fatigue, the average duration of the hammering movement cycle was 0.84 s. The largest contribution to the overall movement in the sagittal plane came from the elbow joint that moved an average of 50°. The average wrist and shoulder motion amplitudes were 34° and 18°, respectively. Nonfatigued subjects also used a small amount of trunk antero-posterior displacement (< 5°). The hammer trajectory amplitudes in the antero-posterior and vertical directions were on average 31 cm and 65 cm, respectively, for two-dimensional trajectory amplitude of 73 cm in the sagittal plane (Figure 2 ). Qualitatively, EMG signals displayed a cyclical profile ( Figures 3A and 3B ).
Results
Before Fatigue
After Fatigue
The average duration of individual hammering movements was 0.80 s after fatigue, which was not significantly different from that before fatigue. Grip strength was significantly decreased with fatigue (Table 1 ). The percent change in RMS values for each of the 20 muscles after fatigue is shown in Figure 4 . The levels of activity of the external oblique and upper trapezius muscles increased with fatigue ( Figure  4 ). The increase in external oblique EMG RMS occurred in 74% of subjects by an average amount of 89% of its prefatigued value. Trapezius EMG increased in 57% of subjects by an average amount of 36% of the average prefatigue value. Although significantly increased with fatigue when calculated using t tests, the activity of the upper trapezius was not significantly increased after applying the modified Bonferroni correction to the data (Table 1) . With fatigue, the motion amplitude decreased at the elbow (p < .001) in 89% of subjects by an average amount of 10.7°, corresponding to 21% of the average prefatigue elbow motion amplitude. Conversely, the motion amplitude was increased at the trunk (p < .05) in 85% of subjects by an average amount of 1.4° corresponding to 40% of the average prefatigue trunk motion amplitude (Table 1) . In addition, the hammer trajectory amplitude was decreased in the sagittal plane (Table 1) . This decrease was the result of an average decrease of 7.2 cm (23% prefatigue value) in the antero-posterior direction and of 5 cm (8% prefatigue value) in the vertical direction.
Discussion
The results of our study show that when repetitively hammering, both local muscle fatigue (induced by shoulder flexor contractions) and global fatigue (induced by hammering) had global effects, as indicated by the results of kinematic and electromyographic characteristics of hammering. Thus, shoulder range of motion was preserved in the fatigued state, even though our protocol was specifically aimed at fatiguing the shoulder musculature. Nevertheless, a sign of fatigue at the shoulder region-a moderate increase in upper trapezius muscle activity-was observed toward the end of the hammering session. This finding is consistent with those of other studies showing that the trapezius muscle is most sensitive to fatigue induced by repetitive arm movements involving shoulder flexion or elevation (Christensen, 1986; Elert & Gerdle, 1989; Hagberg & Kvarnstrom, 1984) . In our study, we also regularly found a decrease in the amplitude of elbow motion with fatigue. Yet another robust finding was a decrease in the maximal grip strength. Despite these changes in characteristics of hammering resulting from fatigue, the maximal speed of the hammer before the hit was maintained, implying that its kinetic energy (and, respectively, the strength of the hit) was not affected by fatigue.
One can suggest that interjoint and intermuscular coordination in hammering before fatigue is organized in order not only to provide a certain strength of the hit but also to absorb (dampen) and probably minimize the transmission of the hit shock to proximal body segments. Indeed, because of the known dependency of forces on velocity, active muscles have the capacity of damping and smoothing reactive forces. The shock from the hit can also be absorbed following some specific organization of interjoint coordination. In particular, it is possible that the observed decrease in the elbow amplitude is a part of the strategy that diminishes reactive forces transmitted from the hand to the shoulder joint and muscles. This possibility can be confirmed or rejected in future studies by analyzing muscle and other forces acting at the shoulder joint computed, for example, from equations of motion.
The hammer trajectory amplitude was slightly reduced with fatigue while the duration of individual hammering movements (hammering period) remained unchanged. Since neither endpoint trajectory, nor movement frequency was constrained in our study, these findings may reflect a choice made by the system to keep one parameter constant to the detriment of the other. This suggests that movement frequency may be an important parameter preserved by the system when adapting motor strategies to fatigue.
Aside from increased motor unit recruitment in local muscles suggested by the finding of increased trapezius EMG with fatigue, our results show that the system adapted to fatigue by changing the pattern of muscle recruitment in distant muscles (e.g., by increasing external oblique activity). In other studies, the most common observation of centrally mediated changes in intermuscular coordination with fatigue was an increase in agonist-antagonist coactivation (Potvin & O' Brien, 1998 , Psek & Caferelli, 1993 . The external oblique muscle is not only a trunk flexor but also is a trunk rotator and lateral flexor. Therefore, if not compensated for by appropriate activity of antagonist muscles, the increased activity of this muscle could elicit trunk motion in both the sagittal and transverse planes, an assumption that can be verified in future studies. If confirmed, this assumption may indicate that the system may prolong the task performance despite fatigue by recruiting additional degrees of freedom of the body.
Our finding of an increase in the magnitude of trunk motion with fatigue implies that a fatigue-elicited decrease in the displacement at distal (e.g., elbow) joints is compensated by modifications of motion at proximal joints. This trade-off is similar to that observed in other studies of fatigue during hopping (Bonnard et al., 1994 , see also Gandevia, 2001 , pressing with multiple fingers (Danion et al., 2000 (Danion et al., , 2001 , repetitive lifting (Belhaj-Saif et al., 1996; Borg, 1970) , and cutting with a knife (Madeleine, Lundager, Voigt, & Arendt-Nielsen, 1999 ). This hypothesis is further supported by findings of central neuronal changes occurring in parallel with EMG changes during fatigue (Belhaj-Saif et al., 1996) . Indeed, it has been suggested that the ability to redistribute loads is a characteristic of the healthy nervous system, in which the system takes advantage of the redundant number of degrees of freedom to prolong performance of a complex movement (Enoka, 1995) . This mechanism may be impaired in the presence of pathologies such as repetitive motion disorders (Bauer & Murray, 1999; Jensen, Laursen, & Sjogaard, 2000) . This hypothesis is also supported by our previous results showing that individuals with repetitive motion disorders at the shoulder joint are restricted in using interjoint compensatory mechanisms (Côté et al., 2005) . Whether this phenomenon is related to the cause or the consequence of the development of a pathological state remains to be elucidated.
Another explanation for the increased trunk motion and external oblique EMG during fatigued hammering is a reduced ability of trunk musculature to stabilize the posture against the inertial forces imparted during hammering in the presence of fatigue. Similar findings from a study of repetitive load lifting were reported by Sparto et al. (1997) . They found an increase in center-of-mass excursion with fatigue and concluded that the apparent decrease in body stability could be considered as an injury risk factor. Nussbaum (2003) found similar results with increased area of sway and peak sway velocity in fatigued subjects who performed a repetitive overhead arm task. Loss of postural stability as a result of repetitive upper limb movement has implications for an increased risk of injuries such as falls in the workplace (2003) . Nevertheless, since in our study the increase in trunk motion preceded the hammer strike phase, it is more likely that the role of the increased trunk motion was to increase the power applied at the terminal segment.
Our results show that the external oblique and upper trapezius muscle activity was changed following fatigue. However, the activity of all other muscles recorded in our study remained the same despite fatigue (most upper limb muscles), or showed nonsystematic changes (most other trunk and lower limb muscles). It is possible that fatigue was compensated by other muscles not recorded in this study, especially in muscles whose principal biomechanical actions are produced in the frontal or transverse planes. In addition, by focusing on nonlocal effects of fatigue, we did not analyze changes in the EMG power spectrum. It is known that the most robust local consequence of muscle fatigue is a decrease in the speed of propagation of activation along muscle fibers as well as in the frequency content of EMG signals. Frequency domain analysis typically requires the recording of stationary muscle activity (e.g., during maximal voluntary isometric contractions), which, because of the large number of muscles recorded, was not feasible in our study.
In a previous study, we analyzed the effects of fatigue in subjects performing a repetitive sawing motion in the sagittal plane (Côté et al., 2002) . Like the present task of hammering, sawing is a whole-body task, principally involving the dominant arm. In both tasks, most of the power derives from the shoulder muscles, the greatest range of motion occurs at the elbow, and the forearm musculature acts to direct the force applied at the endpoint and to absorb the ensuing reaction forces. In both tasks, fatigue did not affect movement duration (frequency) although there was reduced elbow motion amplitude and increased trunk motion amplitude, suggesting that trunk motion increase may be a common fatigue compensatory mechanism in response to arm fatigue. One difference between the results of both experiments was that in fatigued sawing, the endpoint trajectory amplitude remained invariant, whereas in hammering it was moderately reduced. In addition, in fatigued sawing there was an increase in wrist and shoulder joint motion. These differences may be explained by the greater endpoint trajectory constraint and greater force required to move the saw through the wood. Indeed, saw force was significantly reduced with fatigue. In comparison, in hammering the endpoint trajectory was only constrained by the target location, and external force was applied only when the hammer struck the target. This could explain why in hammering most of the joints maintained the same motion amplitude, and only the hammer trajectory was affected by fatigue. Despite these differences, in both tasks movement frequency was preserved. Movement frequency may, thus, be an important parameter preserved by the nervous system in both tasks despite fatigue.
In summary, local fatigue in the shoulder flexors and global fatigue induced by repetitive hammering resulted in changes in both local and global characteristics of hammering. Fatigue has often been associated with the development of repetitive motion disorders, most notably in the workplace. It is important to understand the complex adaptations and compensations used by the body to prolong adequate motor performance. This knowledge may serve to prevent and treat these increasingly prevalent disorders.
